Introduction
The molecular diagnosis of mitochondrial disease is subject to the complication of bi-genomic control of the energy-generating oxidative phosphorylation system (OXPHOS), as pathogenic variants can be identified in both the mtDNA and nuclear DNA (nDNA) [1] . In classical mitochondrial disease, the primary biochemical defect is located in the OXPHOS enzymes. Over 100 proteins are directly implicated in the biosynthesis and structural composition of the OXPHOS and its comprising complexes, 13 of which are encoded by the mtDNA with the remainder encoded by the nDNA. Additionally, mitochondrial function is subject to genes involved in regulating the expression of mtDNA, and those involved in mtDNA replication [2] [3] [4] . In total, ∼1500 genes are thought to be involved in healthy mitochondrial function [5] and to date, disease-causing variants have been identified in 309 genes implicated in mitochondrial metabolism ( Figure 1 ) with presumably more pathogenic variants awaiting identification [6] . These disease-causing variants can have maternal, autosomal recessive, autosomal dominant, or X-linked inheritance patterns [7] .
Defining the genetic aetiology of mitochondrial disease allows identification of ∼10% of mitochondrial diseases amenable to specific treatment strategies [8] . It is also crucial in enabling accurate genetic counselling, prenatal diagnosis and personalized disease surveillance for genotype-specific complications [9] . In addition to aid the understanding of the complex molecular basis of mitochondrial disease, mirrored by the expanding phenotypic spectrum.
Though conventional candidate gene sequencing may be the approach of choice in clearly defined phenotypes [10] , the heterogeneity typical of mitochondrial disease supports the use of an unbiased approach early in the diagnostic pipeline [6] (Figure 2 ). Whole exome sequencing (WES) and whole genome sequencing (WGS) have evolved rapidly with the advent of high-throughput next-generation sequencing (NGS). As a consequence, the primary challenge has now shifted from the capacity to discover variants to the ability to interpret function and clinical impact [11, 12] for which comprehensive American College of Medical Genetics and Genomics (ACMG) guidance has been developed [13] . A further promising approach to increase diagnostic yield is to integrate functional 'multi-omics' data [14] such as transcriptomics into the analysis pipeline. Thus facilitating detection of variants which have evaded detection or prioritization in WES and WGS approaches [15, 16] . 
Candidate gene sequencing
Candidate gene sequencing has conventionally played an important role. In the 'biopsy first' diagnostic approach, clinical evaluation of the patient combined with the analysis of the respiratory chain complexes in muscle determined the subsequent Sanger sequencing of single candidate gene(s) [6] . It can therefore be utilized in confirmation of known variants and in identification of novel variants in known or putative disease genes, however, by definition cannot discover new disease-causing genes. In this manner, large-scale mutation screening, exemplified by the high-resolution melting curve (HRMC) analysis and Sanger sequencing of 75 genes in a cohort of 152 patients with complex I deficiency, has been shown to achieve a relatively low rate of molecular genetic definition, 18% (28 of 152) of patients in the described study [17] . The reason for the low diagnostic yield in these approaches is three-fold. Firstly, gene-specific phenotypes, whereby a single gene is associated with a recognizable clinical presentation, are uncommon in mitochondrial disease making the selection of candidate genes challenging [17] . This is exemplified by mutations in MT-TL1 which can cause, e.g. chronic progressive external opthalmoplegia (CPEO), mitochondrial encephalomyopathy, lactic acidosis, and stroke-like episode (MELAS) syndrome and maternally inherited diabetes and deafness (MIDD), three strikingly different phenotypes [18] . Consequently, a strategy that sequentially sequences single genes is often laborious, expensive, time-consuming, and inefficient. Secondly, interpretation or artefacts of prior biochemical tests, necessitating invasive biopsy of affected tissue, can misdirect a candidate gene approach [19] . And thirdly, many patients are likely to carry mutations in genes so far not associated with mitochondriopathy. Therefore, the implementation of more exhaustive unbiased genome-wide strategies is necessary for complete molecular dissection [17] .
Nevertheless, in the case of a recognizable phenotype and thus strong suspicion for a mutation in a single or limited number of genes, Sanger sequencing of these candidate genes, due to higher availability and increased speed may be preferred over genome-wide strategies. Exemplified in Leber's hereditary optic neuropathy (LHON) where over 95% of primary cases result from one of three mtDNA point mutations (m.11778G, m.14484T, m.3460G) [20] , in MELAS syndrome where ∼80% of all cases harbour a mutation in MT-TL1 [21] and in Senger's syndrome, usually associated with AGK mutation [22] .
NGS
Technological advances have dramatically reduced the costs of NGS [23] . And, by adopting and leveraging NGS, clinical laboratories are performing an ever-expanding catalogue of genetic testing [13] . NGS for suspected mitochondriopathy can be divided into two fundamentally different approaches: targeted NGS gene panels, including sequencing of the 'MitoExome' and WES. At present, nine studies in the literature evaluate the diagnostic utility of NGS in mitochondrial disease, with patient cohorts selected based upon a particular biochemical signature of disease [19, [24] [25] [26] [27] [28] or a diagnostic centre [29] [30] [31] . The diagnostic yields of these studies can be seen in Table 1 in addition to the previously discussed HRMC mutational screen analysis [17] . Of these publications, five utilize WES [19, [27] [28] [29] 31] .
NGS gene panels and MitoExome sequencing
The diagnostic success of gene panels is subject to the selection of candidate genes and pleiotropy, creating difficultly in design [32] . In one study of 148 patients with suspected mitochondrial disease, a targeted panel of 447 genes, encoding mitochondrial respiratory chain complexes, inducing secondary mitochondrial dysfunction or known to underlie disease mimicking mitochondrial disease, achieved identification of causative mutations in 13 patients (8.8%) [30] . In a second study of 125 patients, a targeted mitochondrial panel of 132 genes, associated with mitochondrial disease or known to be candidate genes in the same molecular pathways, achieved identification of causative mutations in 19 patients (15.2%) [24] . Sequencing the 'MitoExome' [25] is a more ambitious approach and involves exon capture and sequencing of the entire mitochondrial genome and all nuclear genes encoding mitochondrial proteins, based on the MitoCarta inventory [5, 33] . Therefore capturing most genes implicated in mitochondrial biology. Fifteen genes in Figure 1 As with other approaches, diagnostic yield is subject to the stringency of the selection of the patient cohort. For example, an infantile biochemically proven mitochondrial disease cohort in contrast with a cohort of patients with late-onset and uncertain clinical diagnoses, whom have been shown to receive a molecular genetic diagnosis in 55 and 22% of cases respectively [25, 26] .
This result demonstrates that gene panel sequencing is a more effective alternative to the sequential testing of mtDNA and individual nDNA genes. However, alike to conventional approaches, in unsolved cases it is likely that the true causal variants reside in non-targeted genes or in non-targeted regions, such as the non-coding regulatory regions. If the pathogenic variant is missed, it is subsequently possible that a variant of uncertain significance (VUS) is incorrectly prioritized. Additionally, on a frequent basis, suspected mitochondriopathy patients are indeed not mitochondrial by genetic definition and would therefore inevitably evade detection by these panels [34] .
WES
WES has had a revolutionary impact on the molecular genetic diagnosis of mitochondrial disorders and Mendelian disorders as a whole. WES covers 2%, the exonic regions, of the genome [35] in which ∼85% of known monogenic disease-causing mutations [36] are located. Up to 97% of bases can be covered reliably at least 20 times, a high level of coverage for which studies have shown good concordance between WES and conventional Sanger sequencing [37] . The advent of WES has accelerated the capacity to identify variants explaining Mendelian disease in both known and novel disease genes, with a current success rate for detecting causal variants in 25-50% of cases [38] [39] [40] .
WES reveals an estimated 30000 individual variants per patient with ∼400-500 protein-modifying rare variants [41, 42] , ∼100 genuine loss-of-function variants [43] and ∼60 novel protein-altering variants, currently not described in any variant database [44] . Procedures are therefore necessitated for variant prioritization. In suspected mitochondrial disease, the variant filtering pipeline comprises exclusion of variants with minor allele frequency (MAF) >0.01 and filtering for homozygous and compound heterozygous variants (assuming an autosomal recessive mode of inheritance) with prioritization of variants known to be associated with the respiratory chain defect observed in the patient, according to the Human Gene Mutation Database (HGMD) [45] , and for genes with predicted mitochondrial localization according to the MitoP2 or MitoCarta database [5, 17, 33, 46] . Familial 'trio' sequencing facilitates phasing of haplotypes, the detection of de novo [47] and autosomal dominant variants, as well as aiding in variant prioritization by reducing the number of candidates by ten-fold when compared with sequencing the proband alone [48] . By querying exome-wide, the WES approach also enables the identification of non-mitochondrial genes presenting clinically as mitochondriopathy [34] .
The first application of exome sequencing in the setting of mitochondrial disease demonstrated how pathogenic mutations can be identified in a single patient [49] . Disease-causing variants in ACAD9, a member of the mitochondrial acyl-CoA dehydrogenase protein family, were identified in a compound heterozygous state in a patient with severe isolated respiratory chain complex I deficiency. The putative variants were confirmed by Sanger sequencing and segregation and validated by functional complementation in the affected patient fibroblast cell line.
This proof-of-principal study demonstrated the efficacy of WES, in combination with a functional cell assay to discover the molecular basis of complex I deficiency and offered a methodological paradigm to be exploited in the definition of the gene repertoire involved in mitochondrial disease as a whole.
In subsequent years, larger scale studies have described the success of WES in suspected and biochemically confirmed mitochondrial disease cohorts [19, 27, 28, 30, 31] , with a diagnostic yield ranging from 35 to 59% [28, 31] , significantly higher than the 11% diagnostic rate achieved by conventional targeted Sanger sequencing [10] . The diagnostic yield is likely to be influenced by the stringency of selection of the patient cohort. For example, the study reporting the lowest yield of 39% [30] included patients with low to high clinical suspicion of mitochondrial disease according to the Nijmegen mitochondrial disease scoring system (Supplementary material (appendix)) [30, 50] , representative of the heterogeneous group of suspected mitochondrial patients investigated in diagnostic laboratories in daily practice.
The success of these studies has resulted in the accredited use of WES as a routine diagnostic tool [30] and has propelled WES into the first tier of clinical diagnostics. However, the diagnostic yield of WES is far from complete, with 41-65% [28, 31] of patients not receiving a genetic diagnosis and for which there are a number of key explanations. Firstly, disease-causing variants may be detected by WES but elude prioritization or remain as VUS. And secondly, by definition WES can capture only the coding regions of the genome indicating that the disease-causing variants in unsolved cases may be located in non-coding regions to which WES is blind [30] . With new mitochondrial disease genes continually being discovered, mitochondriopathy patients are frequently diagnosed in the research setting, as clinical diagnostic pipelines are limited to known disease genes.
WGS
WGS has the potential to reveal all genetic variants encompassing both the coding and non-coding regions of the genome. The number of variants is consequently large, with a typical genome differing from the reference human genome at 4.1-5.0 million sites [51] . WGS is therefore anticipated to increase diagnostic yield in mitochondrial disease due to identification of variants in the non-coding regions and large structural variants, including breakpoints. However, the vast number of variants, in combination with incomplete annotation, means variant prioritization remains a challenge [52, 53] .
Variant prioritization
Sequencing technology has evolved rapidly and by virtue of the increased complexity of data, the shift in molecular diagnostic tools has been accompanied by new challenges in sequence interpretation. Multiple studies have raised concern with available variant annotation. A study of 460 literature-cited disease mutations found ∼27% of variants currently listed as 'pathogenic' in mutation databases to be common polymorphisms, sequencing errors or show no substantial evidence of pathogenicity [54] . Furthermore, when analysing the genomes of 179 participants for disease-causing variants in the 1000 Genome Project, researchers discovered that any given individual who carried ∼40-85 homozygous missense variants was predicted to be 'highly pathogenic' however, these individuals were healthy, thus suggesting variants of low penetrance or potentially incorrect annotation [55] .
The ACMG workgroup formed with the goal of developing guidelines for interpretation of variants to aid in overcoming this challenge [13] . Pathogenicity should be determined by the entire body of evidence in aggregate in conjunction with uniform nomenclature informed by a standardized framework to ensure unambiguous designation of pathogenicity and to enable effective sharing and downstream use of genomic information. The objective framework for classifying these variants into a five-tier system ('pathogenic' , 'likely pathogenic' , 'uncertain significance' , 'likely benign' and 'benign'), comprises population data, computational data, functional data (such as enzymatic assays and functional complementation in the muscle biopsy and fibroblast cell lines respectively) and segregation data.
Overcoming the bottleneck of variant interpretation

Repositories of patient data and data sharing
In the setting of rare disease, such as mitochondrial disease, power is in numbers and large datasets of mineable information are necessitated to be able to definitively label a variant as 'pathogenic' [14] . Examples of such databases are the Exome Aggregation Consortium (http://exac.broadinstitute.org) (ExAC) database, comprising the sequence data of 60000 individuals and the Genome Aggregation Database (gnomAD) comprising 123136 exomes and 15496 genomes from unrelated individuals [56] . The databases include healthy populations to allow identification of variants that may be rare however not pathogenic and ethnically diverse as rare variants are strongly geographically and ethnically constrained [57] .
The entry of variants with corresponding phenotypic annotation from clinical diagnostic exome analysis into public archives, exemplified by ClinVar, to facilitate assertation of relationships between human variation and observed health status and interpretation of clinical relevance of variants, is of utmost importance [58] . The mitochondrial research community has recognized this need and has developed resources to address this objective (MSeqDR) [59] . Furthermore, establishment of mitochondrial networks, such as GENOMIT, a collaboration of international partners (http://genomit.eu) and the Mitochondrial Medicine Society (http://www.mitosoc.org), further enables data sharing and allows expertise to be shared synergistically.
Integration of functional '-omics' data
Quantificative '-omics' analyses, such as proteomics, metabolomics and transcriptomics are predicted to play an increasing role in variant prioritization [14] . Interrogation of proteomic data has proved a powerful approach to elucidate the pathogenicity of novel variants due to detection of reduced or diminished protein level [15] and in detection of specific proteomic signatures [60] in mitochondrial disease. Metabolomics however, is limited by the small number of established gene-metabolite associations. Here we focus on RNA sequencing (transcriptomics), recently validated as a tool for the discovery of novel pathogenic variants in Mendelian disease.
RNA sequencing
RNA-seq gives direct insight into the transcripts of a tissue for a specific snapshot in time [61] . In contrast with DNA, the actively transcribed RNA is highly dynamic, serving as a transient intermediary molecule between DNA and protein translation and revealing the link between the cellular phenotype and the underpinning genetics [62] . It has the capability to detect and quantify known pre-defined RNA species, in addition to rare and novel RNA transcript variants and isoforms [63] . Thus providing a direct insight into the transcriptional perturbations caused by putative VUS eluding detection or prioritization in WES and WGS (frequently synonymous or non-coding variants).
Three strategies for the systematic prioritization of candidate disease-causing variants have been described [15] . Firstly, genes with expression outside the physiological range can be identified as expression outliers (statistically significant deviations from population distribution) termed as aberrant expression. The cause of such aberrant expression includes rare variants in promoter and enhancer regions [64] , and within both coding and intronic regions [15] , in addition to post-transcriptional mechanisms. Secondly, RNA-seq can reveal mono-allelic expression (MAE), whereby one allele is silenced. Assuming an autosomal recessive mode of inheritance, MAE of heterozygous rare variants fits the recessive mode of inheritance assumption and allows their re-prioritization [15] . And thirdly, splicing of a gene can be affected by variants in positions susceptible to affect splicing. These variants result in an array of aberrant splicing events (exon creation, skipping, extension and truncation to intronic inclusion) and are the most frequent aberrations detected in RNA-seq [15, 16] .
In parallel, two systematic studies assessed the diagnostic power of RNA-seq in cases for which WES did not yield a genetic diagnosis [15, 16] . In a cohort of unsolved mitochondriopathy patients, RNA-seq of patient-derived fibroblasts established a diagnosis in 10% (5 of 48) of patients in addition to identification of candidate genes for the remainder [15] . In a similar-sized cohort of unsolved primary muscle disorder patients, RNA-seq of patient-derived muscle achieved a diagnostic yield of 35% (17 of 50) [16] . The analysis of disease-specific tissue(s) is a significant obstacle in RNA-seq due to the need for biopsy of tissues frequently unobtainable in a pre-mortem setting, such as the high energy demanding tissues affected in mitochondrial disease. While the study of primary muscle disorders focused on 190 neuromuscular disease associated candidate genes in the affected tissue only, the mitochondriopathy study demonstrated that RNA-seq can be performed genome-wide for all expressed genes in a given unaffected tissue. In fact, 2574 of the 3768 disease genes (68%) listed in OMIM were detected in fibroblast cell lines [65] , and despite the presumably negligible physiological consequence of the variants on this cell type, they proved a valuable resource in this analysis. Evidence that tissue-specificity does not preclude RNA sequencing of unaffected tissues.
In the case of fibroblasts, a median of one aberrantly expressed gene, six mono-allelically expressed rare variants and five aberrant splicing events were detected. Identifying a practicable number of strong candidates, similar to the number of bi-allelic variants detected via WES, for subsequent manual curation to interpret pathogenicity, manual inspection and functional validation. TIMMDC1, a complex I assembly factor, was one such gene in which a deep intronic variant, activating a cryptic exon and introducing a premature stop codon, resulted in aberrant expression secondary to non-sense mediated decay [15] Given these results, RNA-seq is emerging as an invaluable complementary tool to genome-based molecular diagnostics.
Concluding remarks
Molecular diagnostic approach in mitochondrial disease is rapidly evolving. Utilizing an unbiased analysis early in the diagnostic approach is desired and can frequently bypass the need for intensive, protracted and repeated investigative work-up. The most important challenge when utilizing high-yield NGS approaches moving forward, is variant prioritization and the reliable annotation of variants to distinguish true pathogenicity from the plethora of benign variants present between individuals. The emergence of standardized guidance for variant interpretation and integration of clinical, functional and 'multi-omics' data, hold the key for interpretation of these variants and in accelerating the diagnosis of mitochondrial diseases.
Summary
• Mitochondrial diseases are a diagnostic challenge due to clinical and genetic heterogeneity even in the face of revolutionary advancements in molecular diagnostic technology.
• Disease-causing variants have been identified in over 300 genes (mtDNA and nDNA) and the number continues to grow.
• Molecular genetic diagnosis is paramount for identification of mitochondrial diseases amenable to treatment, disease surveillance, genetic counselling and prenatal diagnosis.
• Candidate gene approaches remain valuable for clearly defined gene-specific phenotypes but can otherwise be laborious, expensive and time-consuming.
• Genome-wide approaches (WES and WGS) have increased diagnostic yield due to their unbiased nature and can reveal 'non-mitochondrial' disease genes and non-coding variants.
• Increase in the complexity of sequencing data has escalated the challenge of variant interpretation.
• Integration of clinical, functional and 'multi-omics' data are powerful complementary tools to overcome the bottleneck of variant interpretation.
• Repositories of patient data and data sharing increase potential to understand genotype-phenotype correlation in mitochondrial disease.
